In this work we extend our formalism to study meson-baryon interactions by including sand u-channel diagrams for pseudoscalar-baryon systems. We study the coupled systems with strangeness −1 and focus on studying the isospin-1 resonance(s), especially in the energy region around 1400 MeV. By constraining the model parameters to fit the cross section data available on several processes involving relevant channels, we find resonances in the isoscalar as well as the isovector sector in the energy region around 1400 MeV.
Introduction
There exists a large consensus on the nature of the first excited state of the isoscalar strange baryon, Λ(1405), as being a moleculelike state rather than a standard three valence quark baryon with one of the quarks in a higher angular momentum state (see Refs. [1] [2] [3] [4] for some of the most-cited articles on the topic). In the isovector case, on the other hand, the lightest Σ with the same spin-parity as Λ(1405), 1/2 − , listed by the particle data group 5 , is Σ(1620), which possesses a poor status of information on its properties. Various studies [6] [7] [8] [9] [10] [11] [12] [13] , though, seem to indicate that the existence of a 1/2 − Σ, with a much lower mass (∼ 1400 MeV), is needed to describe the experimental data on the processes like:
In some of these former works the existence of a Σ state with mass around 1380 MeV is discussed and in some others a scenario with two close lying poles is discussed. In such a situation, we find it useful to study the hyperon resonances with isospin 1 in the energy region around 1400 MeV. Indeed, in our previous work 14 based on a coupled channel formalism, including vector and pseudoscalar mesons, we found two Σ resonances: 1427 − i145 MeV, 1438 − i198 MeV, which are much wider than those claimed in Refs. [6] [7] [8] [9] [10] [11] [12] [13] . In Ref. 14 , though, we considered a more elaborate formalism to obtain the lowest order vector mesonbaryon (VB) interaction by calculating the s-, t-, u-channel diagrams and a contact interaction, while relying on the Weinberg-Tomozawa term alone for the pseudoscalar-baryon (PB) interaction. Inspired by the works in Refs. 11, 12 , we now include s-and u-channel diagrams for the pseudoscalar interaction and solve the Bethe-Salpeter equation. Further, we constrain the parameters by fitting the amplitudes to the cross section data on the processes: K − p → K − p,K 0 n, ηΛ, π 0 Λ π 0 Σ 0 , π ± Σ ∓ , on the energy level shift and width of the 1s state of the kaonic hydrogen from Ref. 15 and certain cross section ratios near the threshold (more details can be found in the article 16 ).
Formalism and results
The amplitudes (for the contact interaction, s-and u-channel diagrams), for the pseudoscalar meson-baryon interactions, are obtained from the lowest order chiral Lagrangian
with P and B representing the matrices of the pseudoscalar mesons and the octet baryons. The s-, t-, u-amplitudes for the vector meson-baryon interactions are obtained from the Lagrangian 17
where V refers to the matrix of vector mesons, with the numbers 0/8 in the subscript indicating the singlet/octet part of the wave function (arising from the consideration of ω − φ mixing). The contribution of the V µν tensor gives rise to yet another diagram, a contact interaction. The transition amplitudes between the two types of meson-baryons systems are obtained from the Lagrangian 18
With all the amplitudes determined from the above Lagrangians, we solve the Bethe-Salpeter equation in the on-shell factorization form for the coupled channels:KN , KΞ, πΣ, ηΛ, πΛ, ηΣ,K * N , K * Ξ, ρΣ, ωΛ, φΛ, ρΛ, ωΣ, φΣ. The detailed amplitudes for the different processes are given in Ref. 16 . To solve the scattering equations, we need to regularize the divergent loop functions, which is done by using the dimensional regularizations method. We, thus, have a parameter at hand, which is the subtraction constant needed for the calculation of the loop function. We treat the subtraction constant for each channel as a free parameter, which is fitted to reproduce the experimental data mentioned in the previous section. In addition to the subtraction constants, we treat the coupling between the PB and VB channels, and the decay constants for the two types of mesons as a parameter to be fixed by the data. When fitting the data, we calculate the χ 2 per degree of freedom as
where N is the number of different sets of data, n k represents the number of data points in the kth data set, n p is the number of free parameters, and the χ 2 for the kth data set is obtained as
with y exp k;i (y th k;i ) representing the ith experimental (theoretical) data of the kth set and σ 2 k;i the related standard deviation. We find two sets of solutions with χ 2 d.o.f ∼ 1 (labelled as Fit I and II in Ref. 16 ). We show in Fig. 1 the cross sections, for the K − p → K − p process, obtained from Fit I of Ref. 16 . Figure 1 also shows the relevant experimental data for a comparison. The results on the cross sections for other processes obtained within the two types of fits can be found in Ref. 16 . With the two types of fits at hand, we look for the resonances present in the amplitudes by studying them in the complex-energy plane. In the following table we give the isoscalar and isovector poles present in the s-wave at around 1400 MeV (the uncertainties on the pole positions can be found in Ref. 16 ). The results obtained in isospin 0 are in good agreement with former works on the topic, including those obtained from the data on photo-/electro-production of Λ(1405). As can be seen, we find poles around theKN threshold in the I=1 case also. Two poles appear in Fit I while one pole is found in Fit II.
An observation to be mentioned in relation with these Σ states is that their masses lie in the energy region where the left hand cut is crossed for some coupled channels. However, we find, interestingly, that the second pole in Fit I as well as the pole in Fit II continue to appear in the complex plane even if the contribution from the u-channel diagrams is switched off.
